The finite element method is used to calculate the apparent resistivity for a continuous laterally varying resistivity structure in the Earth in comparison with a vertical fault. The results indicate that a monotonically varying resistivity produces a monotonically varying apparent resistivity for both magnetic and electric polarization of the incident field. The results are significant for three-dimensional structures and a procedure for interpretation is presented for this case.
Introduction
The use of a mesh of cells in the numerical solution of boundary value problems poses no serious difficulty when it is possible to arrange cell boundaries to coincide with the physical boundaries of the problem. The difficulty that does arise due to round-off errors can be minimized, in theory at least, by increasing the size of the computer characters. However, when it is not possible to arrange cell boundaries to coincide with physical boundaries, serious difficulties can arise. In this paper we examine the special case, in the magnetotelluric method, where only a continuous lateral variation in resistivity occurs. In this case the introduction of a network of cells with stepwise jumps in resistivity to simulate the continuous variation presents a serious difficulty for interpretation. While the model used in the computations is two-dimensional, the results obtained are clearly applicable to a three-dimensional model.
D 'Erceville & Kunetz (1962) calculated in infinite series form, an analytic solution to the case where a plane wave is incident on a single-layered earth when the incoming field is polarized parallel to the strike of a fault in the upper layer. On either side of the fault the resistivity pi, of the upper layer is uniform, and is designated as p i on the left and p z on the right. There is a common resistivity p 3 of the lower half space. This model is shown in Fig. 1 together with a schematic representation of the resulting values of the apparent resistivities, at a constant period, as a function of position in a traverse across the fault. The apparent resistivity is defined in practical units, where E is measured in mv/km and H in gammas, as:
where EL and HI, are the components of the electric and magnetic fields perpendicular and parallel to the strike of the resistivity structure and T is the period. It is useful to note that for a layered earth or at distances remote from lateral boundaries where A , and B , are the coefficients of the upward and downward travelling waves in the upper layer of the Earth. For the case of no layering, there is no reflection from a lower boundary and consequently no upward travelling wave. Since B , = 0, p t = pi, where as previously pi is the actual value of resistivity.
Thus in attempting to simulate a continuous lateral variation by a discrete stepwise model, it will be useful to deal with the case in which there is no layering in order to be able to compare the apparent resistivity with the assigned resistivity of the model. In the case of these stepwise discontinuities the apparent resistivity can be written:
where Pi is as discussed by d 'Erceville & Kunetz (1962) for their model, the infinite series term which takes into account the effect of the discontinuities. The value obtained by infinite series summation is very closely duplicated in numerical calculation on the same model. If there exists only a continuous variation in p, then there exists no possibility of a discontinuity in IE,/HIII. On the other hand there exists no possibility of obtaining the correctly continuous result in a discrete numerical method.
It is the object of this paper to show that one is justified in using a monotonically varying IE/HI function to represent a laterally continuous variation in p and that the original Cagniard (1953) hypothesis which assumed a layered earth is valid with an appropriately modified interpretation.
The value of 
Calculations
The finite element method is used for computations. For details, one can consult Reddy & Rankin (1973) . The Earth is considered to be a half space with a continuous lateral variation in conductivity from a value of 10Q-m to 90R-m over a distance of 20 km. This is simulated by three models. In model (c), a single fault separates two regions of resistivity 10 R-m and 90 R-m. In model (b) the region is divided into four blocks of different resistivity and in model (a) into 19 such blocks. These are indicated in Fig. 2 along with the dimensions of these blocks. In models (a) and (b) most of the resistivity change occurs over a range of approximately 10 km. The period used in the calculations was 5 s for which the skin depth is 3.5 km at 10 Q-m resistivity and 11 *O km at 100 Q-m resistivity. Since the Gaussian elimination technique is used for solving the matrix of equations in the numerical method, a practical limitation is placed on the number of cells. In this work each block is divided into at least two cells. This does not permit a smooth evolution of the calculated apparent resistivity curves within each block, however this is not a fatal flaw since it is chiefly the finite discontinuities occurring at the block boundaries which need be considered. Fig. 2 also shows the apparent resistivity curves for the three models. In Fig. 3 are plotted curves for model (a) only, where curve (a) corresponds to the values for @"'perpendicular) at the mid-point of each block. Curve (b) is for pa-(parallel) at the same point. Curve (c) corresponds to the assigned values of p for the block as is illustrated in Fig. 2 . Fig. 3 , that is the curves for $'(perpendicular) and p"(paralle1) for the quasi-continuous model together with the same two curves for the discrete jump model (c). Fig. 5 shows the same functions as in Fig. 3 for a different distribution of assigned resistivity. This choice is also shown. Fig. 2 demonstrates the large jump in apparent resistivity which occurs if one approximates a continuous resistivity variation by a single step. Model (b) indicates that increasing the number of steps decreases not only the magnitude of the individual discontinuities at each interface but also the arithmetic sum of these discontinuities. The further subdivision of the space as shown in model (a) illustrates the development of this effect. Further subdivision would be expected to further smooth out the discontinuities.
Discussion of results

Model (c) in
In Fig. 3 are plotted the values of (a) p"(perpendicular), (b) p"(parallel), and (c) p(assigned), at the midpoint of each block for model (a). It is clear that the apparent resistivity in the case of magnetic polarization is a smooth monotonic curve to a good approximation for this particular model. In this particular example p"(perpendicu1ar) does not differ from p(assigned) by more than 15 per cent at any point and lies below the assigned values at the lower resistivity values and above it as one traverses to higher values. Returning to Fig. 2 , it seems quite obvious that the range of values of p(") depend only on the resistivity contrast at the boundary of the block and that in the limit of a continuous distribution no variation would occur that was specifically due to a finite jump. The value attained at the midpoint in the block depends, in addition to the magnitude of the resistivity in adjoining blocks, on whether the distances for boundaries are sufficiently large to permit the apparent resistivity to evolve to its equilibrium value, in this case the assigned value. The apparent resistivity, p"(perpendicular), goes from values which lie below the assigned values to values higher crossing over in the straight region of the curve. The curve for p"(paralle1) is in the opposite sense in this regard. Both of these curves are repeated in Fig. 4 together with the two curves for the case of a single discontinuity where also p"(perpendicu1ar) and p"(paralle1) are above and below the assigned values in the same sense as for the quasi-continuous case.
In actual field measurements, it would be difficult to distinguish between curves such as (a) and (b) in Fig. 3 , due to the scatter which occurs in the data even under the best of circumstances. However since changes of resistivity as large as or larger than those of the model are frequently encountered, the results discussed here could be of value in the interpretation of field data. Fig. 5 which has a different resistivity distribution for model (a) than that shown in Fig. 2 , indicates the effect of a change in the gradient of the continuous assigned resistivity. The relatively high value of p"(perpendicu1ar) at the 27 km point, may be somewhat enhanced due to the discrete jump used in the numerical calculations, nevertheless it is clear that discontinuities in the gradient of the resistivity should produce some effect for a function which obeys a 2nd order differential equation.
The continuity equation for current noxmal to the surface discontinuity in resistivity can be written:
which accounts for the discontinuity in E . For a continuous distribution one can write:
which to first order becomes 6 1 El = 0 2 E,,
AE
Thus the jump in the gradient in p = l/a shown in Fig. 5 can be expected to produce a similar jump in the gradient of E . Unless a maximum or minimum of p occurs, no maximum or minimum should be expected in E .
The results shown here are also applicable to three-dimensional structures in which a continuous variation in resistivity occurs across closed lateral boundaries. For an arbitrary orientation of the incident field, components which were parallel and perpendicular at one point on the boundary would interchange their relative orientation at another point where the boundary was orthogonal to its original direction. Furthermore, for a reasonably smooth resistivity distribution, the results are sufficiently close to the one-dimensional case to warrant the use of a onedimensional layered model in the analysis.
The general procedure for a complete interpretation of a complex earth model would then require, first, a three-dimensional tensor analysis of the earth impedances to determine the dimensionality of the structure. Second, a two-dimensional tensor impedance analysis to determine the principal directions of anisotropy or inhomogeneity and finally, a one-dimensional layering analysis to assign the actual values of depth and resistivity for the model. Given a sufficiently smoothly varying lateral resistivity distribution, the original assumption of Cagniard (1953) that the Earth can be treated as a horizontally layered one-dimensional system is approximately valid.
It might be of interest to compare the results of this approximation for a continuous lateral variation in resistivity with the system of discrete lateral variation of Wait & Spies (1974) .
